Abstract Arctic primary production is sensitive to reductions in sea ice cover, and will likely increase into the future. Whether this increased primary production (PP) will translate into increased export of particulate organic carbon (POC) is currently unclear. Here we report on the POC export efficiency during summer 2012 in the Atlantic sector of the Arctic Ocean. We coupled 234-thorium based estimates of the export flux of POC to onboard incubation-based estimates of PP. Export efficiency (defined as the fraction of PP that is exported below 100 m depth: ThE-ratio) showed large variability (0.09 6 0.19-1.3 6 0.3). The highest ThE-ratio (1.3 6 0.3) was recorded in a mono-specific bloom of Phaeocystis pouchetii located in the ice edge. Blooming diatom dominated areas also had high ThE-ratios (0.1 6 0.1-0.5 6 0.2), while mixed and/or prebloom communities showed lower ThE-ratios (0.10 6 0.03-0.19 6 0.05). Furthermore, using oxygen saturation, bacterial abundance, bacterial production, and zooplankton oxygen demand, we also investigated spatial variability in the degree to which this sinking material may be remineralized in the upper mesopelagic (<300 m). Our results suggest that blooming diatoms and P. pouchetii can export a significant fraction of their biomass below the surface layer (100 m) in the open Arctic Ocean. Also, we show evidence that the material sinking from a P. pouchetii bloom may be remineralized (>100 m) at a similar rate as the material sinking from diatom blooms in the upper mesopelagic, contrary to previous findings.
Introduction
Climate change is impacting the Arctic Ocean, with the most obvious manifestation of these changes being the reduction in summer sea-ice cover [Bo e et al., 2009] . Modeling and observational studies imply that reduced sea-ice in the future will strengthen Arctic primary production (PP) Pabi et al., 2008] . The biological carbon pump (BCP) is an important component of the global carbon (C) cycle, mainly driven by the sinking of organic material from the sunlit upper layer of the ocean [Boyd and Trull, 2007] . The fraction of PP that is exported below the euphotic zone (Ez) or below the surface layer (export/primary production, or export efficiency, ThE(Ez)-ratio [Buesseler, 1998; Buesseler and Boyd, 2009] ) is a key determinant in how efficiently the BCP sequesters C to depth [Buesseler and Boyd, 2009] . Furthermore, the fraction of this material, which successfully transits deeper into the water column (upper mesopelagic zone) where the majority of remineralization of sinking particulate organic material occurs [Buesseler and Boyd, 2009; Giering et al., 2014] , is indicative of BCP efficiency [Buesseler and Boyd, 2009] . The specific ecosystem related processes that drive the considerable variability observed in ThE(Ez)-ratios and further down into the upper mesopelagic remain largely unknown [Buesseler and Boyd, 2009; Giering et al., 2014; Henson et al., 2011] for much of the polar oceans.
Although a large body of literature reporting estimates of POC export fluxes using various techniques is available in the Arctic Ocean [Cai et al., 2010; Chen et al., 2003; Coppola et al., 2002; Lalande et al., 2011 Lalande et al., , 2007 Lalande et al., , 2008 Moran et al., 1997; Moran and Smith, 2000; Reigstad and Wassmann, 2007; Wassmann et al., 1990] , little is known about the variability of the ThE(Ez)-ratio [Buesseler, 1998; Buesseler and Boyd, 2009] . Cai et al. [2010] and Chen et al. [2003] both report ratios of POC export flux to PP in the central Arctic Ocean, but this ratio has yet to be estimated in the deep ocean rather than over shelf waters, or over gradients of ice to ice-free conditions. Export efficiency from such regions and associated blooms has been estimated before, but with limited information on the plankton community composition [Cai et al., 2010; Chen et al., 2003] and/or with an export efficiency calculation methodology different from the ThE(Ez)-ratio approach [Reigstad et al., 2008; Smith et al., 1991] , hence preventing direct comparisons. In cold waters, the coupling between surface carbon export and PP is known to be highly variable [Henson et al., 2011] and the specific processes that drive variability in ThE(Ez)-ratio in the Arctic Ocean remain elusive [Buesseler and Boyd, 2009] . One possible explanation for the variability in ThE(Ez)-ratio in cold high latitudes is the strong seasonality in phytoplankton bloom evolution and seasonal succession in phytoplankton functional types observed at high latitudes Newton, 1995, 1999] .
Blooms of various phytoplankton groups have been reported in the Atlantic sector of the Arctic Ocean and Fram Strait, including diatoms [Gradinger and Baumann, 1991] , coccolithophores [Smyth et al., 2004] , and the colonial haptophyte Phaeocystis spp. [Smith et al., 1991; Wassmann, 1994] . However, it is unknown whether these phytoplankton groups result in similar ThE(Ez)-ratios when they are present and/or dominating the community composition. There are, therefore, grounds to hypothesize that some of the variability observed in ThE(Ez)-ratios may be explained by phytoplankton composition. Furthermore, it is not clear whether sinking material derived from different phytoplankton groups experience a similar amount of heterotrophic respiration once it has entered the upper mesopelagic zone [Buesseler and Boyd, 2009 ]. This aspect is critical if one wants to predict the future changes in the open Arctic BCP and, further, the influence of the Arctic Ocean on climate regulation.
To date, we know that future changes in temperature, CO 2 , light regime, and macro(micro)-nutrient inputs may all induce important changes in both primary production and phytoplankton community composition in the Arctic [Bopp et al., 2005; Coello-Camba et al., 2014; Perrette et al., 2011; Popova et al., 2010 Popova et al., , 2012 ; Vancoppenolle et al., 2013] . Unless clear links are established between phytoplankton community composition and carbon export metrics, such as the ThE(Ez)-ratio [Buesseler and Boyd, 2009] , it will be difficult to predict how these changes will impact the efficiency of the Arctic BCP.
Here we surveyed variability in the ThE-ratio (as we defined and define the depth of integration for this study to be 100 m) [Buesseler, 1998 ] in the Atlantic sector of the Arctic Ocean and the Fram Strait where POC export flux estimates are rare [Le Moigne et al., 2013a] , using the 234 Th technique (to estimate export of POC) and onboard 14 C incubations (to determine PP). These parameters were related to the major phytoplankton groups present in the water column during the survey period. Furthermore, oxygen saturation, bacterial production, and zooplankton oxygen demand are used to qualitatively assess to what extent this sinking material may be remineralized in the upper mesopelagic (<300 m). This represents the first attempt to estimate ThE-ratio and upper mesopelagic remineralization in the Atlantic sector of the Arctic Ocean.
Methods

Sampling and Analysis of Ancillary Data
The cruise took place onboard the R.R.S. James Clark Ross (British Antarctic Survey) in June 2012 as part of the UK's Ocean Acidification programme. Sampling took place from 12th June to the 1st July 2012 in the Greenland, Norwegian and Barents Seas (Figure 1 ; station positions are given in Table 1 ). Water samples were collected with Niskin bottles via deployment of a SeaBird CTD system. Dissolved oxygen (DO) profiles were taken from the CTD optode and calibrated against discrete O 2 measurements performed using a semiautomated whole bottle Winkler titration unit with spectrophotometric end point detection manufactured by SIS (http://www.sis-germany.com) following Dickson [1994] at all discrete depths. Samples (0.1-0.5 L) for chlorophyll-a (Chl-a) analysis were collected in the middle of the mixed layer (10-25 m, see Table 1 ) and filtered onto GF/F filters and then extracted into 90% acetone for 24 h in the dark before analysis with a fluorometer (Trilogy; Turner Designs). Samples for analysis of particulate organic carbon (POC) (0.5-1 L) were collected and analyzed following protocols described in Le Moigne et al. [2013b] . Raw fluorescence from the CTD fluorometer was cross-calibrated with discrete measurements of Chl-a.
Phytoplankton Community Composition, Abundance, and Biomass
Water samples (100-250 mL) were collected from the middle of the mixed layer (10-25 m, see Table 1 ) from each station and preserved with 2% final concentration acidic Lugol's solution for later analysis of Journal of Geophysical Research: Oceans 10.1002/2015JC010700 microplankton community structure. Subsamples (10-50 mL) were settled overnight in 10-50 mL HydroBios settling chambers following [Uttermohl, 1958] and microplankton were enumerated using a SP-95-I inverted light microscope (Brunel Ltd). Biomass of each phytoplankton species was calculated following Poulton et al. [2010 and is presented in Table 1 .
Primary Production
Daily (dawn-to-dawn, 24 h) rates of primary production were determined following the methodology of Balch et al. [2000] . Four replicate water samples (70 mL, 3 lights, 1 formalin-killed) were collected at a depth approximating the middle of the mixed layer (10-25 m, Table 2 ), spiked with 30-40 lCi of 14 C-labeled sodium bicarbonate and incubated on deck at 40% of incident irradiance following the incubator setup described in Poulton et al. [2010] . Incubations were terminated by filtration through 25-mm 0.4-lm Nuclepore polycarbonate filters, with extensive rinsing with fresh filtered seawater to remove any labeled 14 C-DIC, and filters were placed in 20 mL glass vials, with organic (PP) and inorganic (CP) carbon fixation determined using the Micro-Diffusion technique [Poulton et al., 2014] . Ultima-Gold liquid scintillation cocktail was added to the vials and activity on the filters was then determined on a Tri-Carb 2100 low-level liquid scintillation counter, with counts converted to uptake rates using standard methodology. The 14 C counts from the formalin-killed samples were subtracted from the light bottles.
Single depth measurements of PP were scaled to Ez integrals by accounting for both variability in the depth distribution of biomass (Chl-a) and the vertical attenuation of irradiance. Subsurface chlorophyll maxima (SCM) are known to represent important sources of PP in the Arctic Ocean and irradiance also exerts a strong control on the vertical distribution of PP. Ez depths were identified as the depth of penetration of 1% of surface irradiance based on a biospherical 2p Photosynthetically Available Radiation (PAR) Figure 1 . (a) Percentage (%) sea ice concentration in June 2012 after Cavalieri et al., [1996, updated yearly] . Sea ice concentration data are taken from the Nimbus-7 SMMR and DMSP SSM/I-SSMIS passive microwave sensors and downloaded from www.nsidc.org. Station numbers are indicated. (b) Surface (see Table 1 for depth) Chlorophyll-a concentration (mg m
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). This method of estimating integrated PP assumes that phytoplankton photophysiology (e.g., P B ) is invariant with depth. If the phytoplankton community did show photophysiological variability with depth, for example, in an SCM, then our integration method would underestimate PP. However, as we did not make measurements of such physiological variability we are more confident in underestimating PP, although the potential effect on ThE-ratios should be noted (i.e., overestimates of ThE-ratio). A clear case where such physiological differences may be leading to an overestimate of Ez PP is station 14, where a deep Ez (70 m) is compensated by several SCM (Figure 2 ), leading to a high Ez PP relative to low rates of discrete PP at the sampling depth (Table 3) . Hence, extrapolation of ThE-ratios should be treated with caution for this station.
Bacterioplankton and Protist Concentrations and Microbial Metabolic Activity
Concentrations of bacterioplankton and aplastidic protists were determined using flow cytometry. Seawater subsamples of 1.6 mL were preserved with paraformaldehyde (PFA, 1% final concentration) in 2 mL polypropylene screw cap vials. The vials were then placed in a fridge and left for no longer than 12 h. Samples were stained with SYBR Green I nucleic acid dye and analyzed using a FACSort flow cytometer (BD, Oxford) with internal bead standards [Zubkov and Burkill, 2006; Zubkov and Tarran, 2008] .
Bacterioplankton production was estimated as the microbial uptake rate of Leucine using 14 C-Leucine (Hartmann Analytic, Germany), added at a concentration of 20 nM, in samples from different depths from each morning CTD. Subsamples of 1.6 mL from each sample were dispensed into 2 mL polypropylene screw cap vials containing 14 C-Leucine [Zubkov et al., 2000] . Samples were fixed at each time point (20, 40, 60, and 80 min) by the addition of 80 mL 20% PFA (1% v/w final concentration). Fixed samples were filtered onto 0.2 lm polycarbonate membrane filters soaked in nonlabeled Leucine solution to reduce adsorption of radiotracer. Filtered samples were washed twice with 4 mL deionized water. Radioactivity of samples was measured as counts per minute (CPM) by liquid scintillation counting (Tri-Carb 3100, Perkin Elmer, UK). Microbial uptake of Leucine was computed using specific activity of the Leucine radiotracer.
Carbon Export
Carbon export fluxes were calculated using the 234 Th ''small-volume'' technique with ICP-MS assessment of recoveries for 234 Th extraction [Pike et al., 2005] . Water samples were collected using GO-Flo bottles at 6-8 different depths within the upper 500 m with refined resolution in the top 150 m (Figure 2 ). All samples were checked for recovery of 234 Th extraction (90.3 6 7.6%).Vertical profiles of 234 Th activity were converted to estimates of downward 234 Th flux using a one-dimensional steady state model [Buesseler et al., 1992] integrated to the depth of 100 m [Cai et al., 2010; Chen et al., 2003] as Ez integration [Buesseler and Boyd, 2009] was not suitable here. This is because at several stations the Ez was deeper than the depth of the mixed layer (Table 1 and Figure 2 ). We therefore report our export efficiency (see section 1) as ThE-ratios [Buesseler, 1998] and not Ez-ratios [Buesseler and Boyd, 2009] . We ignored the effect of horizontal and vertical advection and diffusion as these have been deemed to be insignificant in previous Arctic studies [Cai et al., 2010] . Station 11 was sampled at the ice edge (see section 3.1). c Station 14 was sampled in the ice (see section 3.1) and integrated PP may be overestimated in this case due to the deep Ez (see Table 1 ).
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We did not use the nonsteady state approach as it only improves the flux estimates in cases where the sampling was conducted in a Lagrangian framework [Resplandy et al., 2012] which was not possible during this cruise. A triplicate of deep water (2000 m) samples was collected at station 9 in order to verify the calibration of the method. Averaged 234 Th: 238 U ratio was 0.98 6 0.02 (n 5 3). The 238 U activity was determined by using the 238 U-salinity relationship described in Chen et al. [1986] . a ThE-ratio is also presented.
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These fluxes were then converted to estimates of downward organic carbon flux using the C:Th ratio in large (>53 mm) particles collected using an in situ Stand Alone Pumping System (SAPS) deployed for 1.5 h at a single depth beneath the mixed layer (depths given in Table 3 ). Particles were then rinsed off the screen using particulate thorium-free seawater (obtained from seawater filtered through a 0.4 mm polycarbonate filter), and the particle suspension evenly split into subsamples using a Folsom splitter. Splits were then analyzed for 234 Th and POC as described in Le Moigne et al.
[2013b], with no replicates analyzed. Particulate 234 Th and C samples were analyzed from two distinct splits. POC flux at from the base of the mixed layer [Smith, 2014] (Table 1 and supporting information Table S1 ) was measured using the Marine Snow Catcher following methods described in Cavan et al. [2015] and Riley et al. [2012] .
Zooplankton Respiration Rate
Zooplankton community respiration rates were estimated from determination of the composition and abundance of the biomass-dominant species at each locality, subsequently converted to respiration rates as a function of species-weight and in situ sea surface temperature from the ship's underway system. Zooplankton were sampled between 0 and 200 m with a motion compensated Bongo net following sampling procedures described in Ward et al. [2012] . Specific respiration rate (ml O 2 ind 21 h 21 ) of each biomassdominant species at each station was determined from relationships detailed in Ikeda et al. [2001] through applying values for in situ temperature and species dry weight (supporting information Table S2) as described in equation (1):
Specific respiration rate5 e ð20:3991ð0:8013ðln DWÞÞÞ 1ð0:0693SSTÞ
where DW is the dry weight of each individual species and stage (in mg) and SST is the sea surface temperature from the ship's underway system (in 8C). ) at each station as in equation (2):
where Abundance int is the integrated abundance of each species and stage over the top 200 m of the water column. We were not able to determine levels of error around our estimates of zooplankton community respiration since they are based on an extrapolation of the function developed by Ikeda et al. [2001] on temperature and weight specific zooplankton community respiration.
Results
General Hydrography
We sampled a large mix of oceanic habitats, including open water, ice-edge, and ice-covered waters ( Figure  1a ). In the Barents Sea (Stn. 32) and Norwegian Sea (Stns. 26, 34, and 36), surface waters were warmer than in the Greenland Sea (Stns. 9, 10, 38, 40, 42, and 44) reflecting the influence of Atlantic waters flowing northward. The Greenland Sea was under the influence of southward flowing polar waters. Three stations across the Fram Strait in close proximity to one another typified the local gradient in sea ice conditions, from under ice (more than 90% ice concentration, Stn. 14), ice-edge (Stn. 11) to ice-free waters (Stn. 19) ( Figure 1a and supporting information Figure S1 ), with the ice station displaying a clear input of fresh water at the surface (supporting information Figures S2 and S3 ).
Chlorophyll, Primary Production, and Phytoplankton Composition
Chl-a concentration in the middle of the mixed layer (see sampling depth in Table 1 ) ranged from 0.1 to about 8.5 mg m 23 (Figure 1b) . The full CTD calibrated fluorescence Chl-a is presented in Figure 2 . The ice station (Stn. 14) had the lowest concentration (0.1 mg m 23 ) while the two nearby stations (Stns. 11 and 19) had the highest (8.5 and 3.5 mg m 23 , respectively). Elsewhere, there was a clear divide between the Greenland Sea (average Chl-a 5 0.54 6 0.1 mg m 23 ) and the Norwegian/Barents Seas (average Chla 5 1.7 6 0.4 mg m 23 ). These trends were also true for mixed layer Chl-a concentrations (Table 1) .
Clear subsurface chlorophyll maxima (SCM) were observed in the Greenland Sea (Figure 2 ). However, in the Barents/Norwegians Seas, vertical fluorescence profiles show that Chl-a concentrations were high within the mixed layer and decrease quasi-exponentially below it. At most stations, the Ez depth was deeper than Figure 2 ).
The sampling depth for PP and phytoplankton composition ranged from 10 to 25 m rather than surface waters (i.e., <5 m), and was in most cases close to the depth of SCM or within 10-20 m of it (Table 1) . For all but four of the sampling stations (Stns. 9, 10, 38, and 40), the SCM and sampling depth were shallower or near to the mixed layer depth, and hence we can have confidence that in most cases upper mixed layer (where we sampled PP and community structure) is representative of SCM (where a significant fraction of export can occur). Importantly, none of the key stations for our conclusions (Stns. 11, 14, and 19) suffer from significant differences in depths between sampling, SCM, and MLD.
Unlike Chl-a, integrated PP rates (Table 2) did not display any clear geographical pattern although the lowest PP was recorded at the ice stations (Figure 1a ; Stn. 14, 20.6 6 12. Three distinct plankton groups were dominant in the survey area during June 2012. Diatoms dominated the phytoplankton community at most of the open ocean stations with genera like Thalassiosira and Ephemera present (Table 1) . At stations where Ephemera was observed, this species represented more than 90% of the total phytoplankton biomass ( Table 1 ). The coccolithophore Emiliania huxleyi was observed in the Norwegian and the Barents Seas, as commonly observed in this region [Smyth et al., 2004] . In the high Chl-a area observed at the ice edge (Stns. 11 and 19, Figure 1 ), the colonial haptophyte Phaeocystis pouchetii was the major species in terms of biomass (Table 1) . At station 11, P. pouchetii cells represented more than 90% of the phytoplankton carbon, while at station 19 the dominance of this species was much less pronounced (30% of phytoplankton carbon, Table 1 ). In the ice covered region, diatoms and coccolithophores were observed but in small abundances which accounted for little biomass (Table 1) .
3.3. POC Export Fluxes 3.3.1. 234 Th Activity Profiles and Integrated Fluxes
Vertical profiles of 234 Th and 238 U activities are presented alongside Chl-a fluorescence profiles in Figure 2 .
The lowest 234 Th activities (0.3-1 dpm L 21 ) were observed in subsurface waters at station 11 and also in the Greenland Sea, near Iceland (Stns. 40, 42, and 44) suggesting a large removal of sinking particles at this stations. The highest 234 Th activity (3 dpm L 21 ) was found at 500 m at station 36. While at this depth, the 234 Th is expected to be at equilibrium with the 238 U, this high value may reflect localized particle fragmentation (which does not necessarily means remineralization).
The most striking result is the 234 Th profile at station 14 (in ice) where the surface (0-60 m) 234 Th activities were low, and reach equilibrium approximately at the depth of the SCM (Table 1) , though they decrease again below it. It is difficult to say whether this is due to particle export occurring deeper in the water column or some other process. Also, the 238 U activity at this station may not be accurate as the 238 U to salinity relationship we used here [Chen et al., 1986] does not cover the salinity range encountered at this station (32-35 for this station; see supporting information Figure S3 and 34.5-35.5 in Chen et al. [1986] (Table 3 ) consistent with other under ice studies [Cai et al., 2010; Chen et al., 2003 ].
C:Th Ratios and POC Export Fluxes
234 Th fluxes were converted to estimates of downward particle flux using the POC: 234 Th ratio (hereafter abbreviated as C:Th) in large (>53 mm) particles [Buesseler et al., 1992] (Table 3) . C:Th ranged from 4 to 18 mmol C dpm 21 . The largest C:Th ratios were observed in the ice-edge and under the ice (Stns. 11 and 14), near the Barents Sea (Stn. 26) as well as in the southern sector of the Greenland Sea (Stns. 40-44) (Table 3) .
Generally, POC export fluxes displayed a trend of decreasing flux from south to north with relatively large fluxes (12.8 6 2.7-18.9 6 3.4 mmol C (Table 3 ). An exception to this geographical pattern was station 11, located at the ice edge (Figure 1a) where the POC fluxes was surprisingly high (78.3 6 8.7 mmol C m 22 d 21 ) ( [Coppola et al., 2002; Lalande et al., 2008] . In the open waters of Greenland and Norwegian Seas (Stns. 9, 10, 26, and 34-44), POC export flux ranged from 3.4 6 0.9 to 18.9 6 3.4 mmol C m 22 d 21 (Table 3) . To our knowledge, this is the first attempt to measure the export of POC in this region [Le Moigne et al., 2013a] , which makes comparison with POC fluxes from other oceanographic environments difficult. In the Fram Strait (Stns. 11-19), POC export flux showed the largest variability due to the presence of sea ice, ice-edge, and ice-free conditions. POC export fluxes in the Fram Strait (Table 3) are consistent with previous measurements over an ice covered/ice-free gradient in the Arctic [Cai et al., 2010] . Station 11 located at the ice edge, however, displayed a surprisingly high POC export flux (78.3 6 8.7 mmol C m 22 d 21 ), potentially due to the presence of a P. pouchetii bloom (Table 1 and Figure 1b).
C:Th ratios in blooms of Phaeocystis measured using large volume filtration units (as in our study) have previously been deemed to be overestimated relative to C:Th ratios measured in sediment traps due to the large proportion of dissolved organic carbon or mucilage released by Phaeocystis [Lalande et al., 2008] . C:Th measured in Phaeocystis blooms at different stages in the Barents Sea [Lalande et al., 2008 , Table 3 ] with pumps were much higher (49 6 48 mmol dpm 21 ) than those measured with traps (10 6 4 mmol dpm 21 ), with the traps considered as providing more accurate C:Th ratio measurements. The authors [Lalande et al., 2008] concluded that the carbon mucilage released by blooming Phaeocystis may yield inaccurate (overestimated) C:Th ratios if collected using pumps. However, the C:Th measured at station 11 using pumps in our study (18 mmol dpm 21 ) was almost identical to the value of Lalande et al. [2008] (16 mmol dpm 21 ) in an ongoing Phaeocystis bloom. Hence, we are confident in our pump-derived C:Th ratio for this station where the Phaeocystis bloom was observed (Stn. 11). The high POC flux at station 11 was not only recorded by the 234 Th technique, but also using the Marine Snow Catcher (a modified settling chamber for instantaneous flux estimates) [Cavan et al., 2015; Riley et al., 2012] , with full description in Smith [2014] (supporting information Table S1 ).
The instantaneous POC flux measured at 30 m (10 m below the MLD) using the Marine Snow Catcher yielded a flux of 156 6 51 mmol C m 22 d 21 for station 11 (supporting information Table S1 ) [Smith, 2014] fundamental difference in the time scale over which both approaches integrate the POC export fluxes and the export horizon considered for both approaches.
For instance, we know that in postbloom conditions, 234 Th-derived POC export is likely to overestimate the actual POC export relative to free-drifting sediment traps deployed for a couple of days [Le Moigne et al., 2013b] . In developing bloom conditions, like at some of the stations sampled in our study (e.g., Stn. 9, for example), it is possible that this discrepancy is limited. As mentioned above, the MSC flux at station 11 clearly stands out relative to the other stations. We therefore believe that both our 234 Th flux and C:Th ratio provide accurate measurements leading to the robust estimation of carbon export at station 11 (see data presented in supporting information Table S1 ).
Export Efficiency and Phytoplankton Community Composition
Overall, ThE-ratios ranged from 0.09 6 0.19 to 1.3 6 0.3 (Figure 3 , Tables 3 and 4) , which is similar to the range seen in open waters elsewhere [Buesseler, 1998; Buesseler and Boyd, 2009] . Only station 11 stands out as having a particularly high value (1.3 6 0.3). The three stations located in the Fram Strait are of a particular interest since, although levels of PP are similar (20.6 6 12.4-58.9 6 1.9 mmol C m 22 d
21
, Table 2 , variance 5 117), 234 Th-derived carbon export fluxes were relatively variable (1.8 6 3.8-78 6 8.7 mmol C m 22 d
, Table 3 , variance 5 1191), displaying higher variability than PP. This equates to ThE-ratios ranging from 0.09 6 0.19 to 0.19 6 0.05 under ice (Stn. 14) and in ice-free conditions (Stn. 19) to as high as 1.3 6 0.3 at the ice edge (Stn. 11). Such a high ThE-ratio at the ice edge implies that a substantial fraction of PP was exported out of the Ez. In the Barents Sea (Stn. 32) by comparison, the ThE-ratio was moderate (0.2 6 0.1). ThE-ratios ranged from 0.1 6 0.0 to 0.5 6 0.2 in the Greenland and Norwegian Seas (excluding stations in the Fram Strait). Station 10 also stood out because of its lower ThE-ratio (0.10 6 0.03), while consistently high ThE-ratios (0.3 6 0.1-0.4 6 0.1) were observed at stations located north of Iceland (Stns. 9, 38, 40, and 42) .
On the global scale, phytoplankton community structure has been suggested to influence BCP efficiency [François et al., 2002] , for example, through the supply of dense material, such as opal and calcite, to ballast sinking organic material. However, although global patterns of both ThE(Ez)-ratio [Siegel et al., 2014] and ballasted POC flux to a certain extent correlate [Le Moigne et al., 2014] , other processes related to recycling and ecosystem structure may also greatly affect the ThE(Ez)-ratio [Henson et al., 2012; Lam et al., 2011; Le Moigne et al., 2014] . Therefore, whether there is a strong relationship between phytoplankton composition and ThE-ratios in the Arctic Ocean is very much an open question. We now examine ThE-ratios produced by the various phytoplankton groups we observed (Table 1) at each station undergoing a phytoplankton bloom (elevated biomass).
At high latitudes, the POC ThE-ratio can vary seasonally [Baumann et al., 2013; Buesseler et al., 1992; Kawakami et al., 2007 ] to a greater extent than at low latitudes [Benitez-Nelson et al., 2001; Brix et al., 2006; Buesseler et al., 1995] . A recent modeling study confirmed that, in prebloom conditions, the ThE-ratio is low and then increases during the bloom to reach its pinnacle in postbloom conditions [Henson et al., 2015] . Therefore, to truly compare the effect of phytoplankton community structure on the ThE-ratio, one must compare stations where different phytoplankton communities are growing, at a similar point in their seasonal bloom cycle (e.g., sampled during prebloom, bloom, or postbloom conditions). Figure 4 shows the time series of MODIS satellite-derived Chl-a (averaged over 100 3 100 km with 8 day resolution) for each station. We assume here that the blooming conditions correspond to the highest Chl-a 
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satellite concentration recorded during the year. Stations 9, 10, and 19 were considered to be in a prebloom state (Figure 4 ). Although at stations 10 and 19, the PP was already high (Figure 1 and Table 2 ) suggesting that they were in an ascending bloom regime, Chl-a concentration had not yet reached its maximum. Export fluxes ( Figure  1d ) as well as ThE-ratios (0.10 6 0.03-0.2 6 0.0) (Figure 2) were consistently low at these stations. Conversely, stations 11, 26, 32, 34, 36, 38, 40, and 42 were sampled either at the beginning or during the main peak of bloom or shortly (less than a month) after the peak of it (Figure 4 ). At these stations, ThE-ratios ranged from 0.11 6 0.02 to 1.3 6 0.3. We hereafter refer to these stations as blooming stations. We cannot assess the bloom situation at station 14 (under ice) as no satellite Chl-a data were available at this station due to the presence of ice (Figure 1a ).
Blooming stations near Iceland (Stns. 38, 40, and 42) were dominated by diatoms and had a consistently high ThE-ratio (0.3 6 0.1-0.4 6 0.1), comparable to previously reported values for a bloom in the North Atlantic [Buesseler and Boyd, 2009] . The blooms where E. huxleyi was present and comprised a technique. ThE-ratio values [Buesseler, 1998 ] are indicated and shaded. See Tables 2 and 3 . Figure 4 . Time series of MODIS satellite Chl-a (averaged over a 100 3 100 km box centered on the station with 8 day temporal resolution) for each station. The blue vertical line represents the sampling date (note there is no satellite Chl-a data available for station 14 due to ice cover).
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23
), high integrated PP (58.9 mmol C m 22 d
21
) and dominance (>90% of biomass, Table 1 ) of the phytoplankton community by the haptophyte P. pouchetii. P. pouchetii was also present at the open ocean station (Stn. 19), but here it was not a mono-specific bloom as observed at station 11 (Table 1) . Also, station 19 had not yet reached peak bloom at the time of sampling as revealed by the satellite Chl-a time series (Figure 3e ) and had a lower ThE-ratio (0.19 6 0.05). In contrast to the ice-edge station, this open ocean site had lower biomass, lower PP, and lower P. pouchetii biomass (Figure 1 and Table 1 ). This station is in a typical prebloom state (e.g., a station where Chl-a and PP are increasing but export has yet to start, see Figures 1b, 1c , and 2) as described in Henson et al. [2015] . As expected from previous studies, the ThE-ratio was low (Figure 2 ) under the ice [Cai et al., 2010] . Buesseler and Boyd [2009] reported high latitude ThE-ratios from the north Atlantic, the north Pacific, and the Southern Ocean, all largely dominated by diatoms. To our knowledge, we present the first estimate of ThE-ratios associated with polar blooms in which significant biomass was associated with coccolithophores and Phaeocystis sp. Export efficiency from such regions has been estimated before but with limited information on the community composition [Cai et al., 2010; Chen et al., 2003] or with an export efficiency calculation methodology different from the ThE-ratio approach [Reigstad et al., 2008; Smith et al., 1991] used here, and thus prevents any direct comparison. Previously, only diatom dominated blooms were thought capable ). Stations are colored according to the microphytoplankton functional type characterizing the community structure (green 5 diatom dominated stations, yellow 5 stations where coccolithophores were present, red 5 Phaeocystis pouchetii dominated stations, and blue 5 under ice station).
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of producing high ThE-ratios with values reaching 0.45 during the diatom dominated North Atlantic bloom experiment [Buesseler and Boyd, 2009] . However, our observations from the ice edge of the Greenland Sea indicate that the presence of P. pouchetii can yield ThE-ratios at least as high as blooming diatoms [Buesseler and Boyd, 2009] (Figure 2 and Table 4 ).
Remineralization
Although we observed efficient export (i) in an ice edge associated P. pouchetii bloom (1.3 6 0.3), (ii) where coccolithophores were present near the Barents Sea (0.1 6 0.1-0.5 6 0.2), and (iii) in diatom dominated conditions in the Greenland Sea near Iceland (0.3 6 0.1-0.4 6 0.1), this material may be highly remineralized just below the depth of the Ez and will not contribute greatly to long-term carbon sequestration. While a high ThE-ratio indicates that a significant portion of surface PP is exported out of the surface layer [Buesseler, 1998; Buesseler and Boyd, 2009] , recent studies have suggested that significant remineralization within the upper part of the mesopelagic (<300 m depth) could prevent material from efficiently reaching deeper waters [Buesseler and Boyd, 2009; Giering et al., 2014] and thus contributing to C sequestration. This hypothesis has not been examined previously in the Arctic. Hence, it has not previously been possible to assess the potential importance of Arctic blooms to the air-sea partitioning of atmospheric CO 2 in polar oceans. Here we do not attempt to estimate the T 100 ratio [Buesseler and Boyd, 2009] , as this metric requires two independent estimates of POC export flux: one below the Ez depth (which we have) ( Figure 1d ) and another 100 m below the Ez depth (which we do not have). This is because estimating POC flux using the 234 Th technique at 100 m below the Ez depth requires high resolution sampling in both the surface and deeper in the upper mesopelagic [Buesseler and Boyd, 2009] , which was not possible during this cruise.
Instead, to examine whether substantially more remineralization (>100 m) of carbon occurred at certain stations relative to others, we compare several indirect but independent indicators of microbial activity rates. These are not actual carbon remineralization rates, but nevertheless provide relative information (integrated on various time scales) on the magnitude of the upper mesopelagic remineralization at each station. These include dissolved oxygen saturation ([DO] in %) (Figure 4) , bacterial Leucine uptake, bacterial/heterotrophic flagellate abundance (Figure 5 ), and integrated zooplankton respiration rate ( Figure 6 ).
We acknowledge that all these estimates and indicators integrate remineralization processes over different time scales. For instance, the bacterial Leucine uptake and the integrated zooplankton respiration rates look at instantaneous remineralization while the [DO] gives information on the seasonal time scale (several months). This has the great advantage in that encompasses the time scale over which our ThE-ratio (which couples monthly integrated estimates of POC export with instantaneous (daily) PP estimates) is integrated over.
Oxygen Saturation
Oxygen is produced during photosynthesis and consumed during the respiration (remineralization) of organic matter [Koeve, 2001] . Hence, in a water mass where the winter mixed layer is sufficiently deep that the water column is renewed at the end of the productive season, as in the Atlantic sector of the Arctic Ocean [de Boyer Montegut et al., 2004] , vertical profiles show supersaturation of oxygen (>100%) in upper ocean productive waters and increasing under-saturation (<100%) with depth, due to the dominance of respiration over photosynthetic production [Koeve, 2001] (Figure 4a ). This provides information on how large the upper mesopelagic respiration rate was from the end of the winter up to the sampling date. It is thus important at this stage to investigate whether the surface (surface to mixed layer depth) and subsurface water masses (mixed layer depth to 300 m) could potentially have a different origin and history, especially in the Fram Strait where the hydrography is complex due to the narrow topography and the influence of various waters masses [Woodgate, 2013] .
We found station 14 (under the ice, see Figure 1 ) to be clearly influenced by cold and/or less saline (salinity < 34) fresh water from ice melt [Woodgate, 2013] in the surface. However, the density profiles and temperature/salinity diagram (supporting information Figures S3 and S4) at station 11 displays an homogeneous water mass within the upper 250 m (salinity 35; temperature 3-3.58C) suggesting that the influence of Atlantic waters (salinity 34-5; temperature 0-28C), occasionally observed in subsurface waters (>150 m) in the eastern sector of the Fram Strait [Woodgate, 2013] was limited at this station during our survey. Station 19 was influenced by fresher waters in the surface. Close to Svalbard, the surface waters may freshen slightly due to the nearby Barents Sea Polar Front separating the East Spitsbergen Current and West Spitsbergen Current, which is located approximately over the shelf break.
In the Greenland Sea (Stns. 9, 10, 38, 40, 42, and 44) , the salinity and temperature range for this area are between 34.4-35 and 21.8-48C, respectively [Hopkins, 1991] . There is a rather complex series of recirculation, atmospheric exchanges, interleaving, and mixing which gives rise to a broad variety of water masses in this region [Rudels et al., 2005] . Surface waters at stations 9, 10, 40, 42, and 44 originate from a single water mass but station 38 displayed unique features (supporting information Figure S4 ). This station is clearly influenced by fresher and colder waters. This is likely due to the position of this station, which is located slightly west of the East Greenland Front where the influence of the southward flowing East Greenland current is stronger. The water the Norwegian and Barents Seas (Stns. 26, 32, 34, and 36 ) has a strong influence from the North Atlantic Water, and has been defined by Loeng [1991] as salinity greater than 35 and temperature from 3.5 to 6.58C. The temperature salinity diagram shows water sampled at stations 26, 34, and 36 originated from a single water mass. However, as for station 38, station 32 seems influenced by two different water masses ( Figure S4 ). The presence of a surface coastal current of similar temperature but lower salinity is a possibility in the Norwegian Sea where station 32 was located.
For blooming stations in our study area, surface supersaturation (>105%) is evident in the upper 50 m (Figure 4) , with [DO] reaching as high as 135% at the site of the P. pouchetii bloom. At depths down to 250 m, [DO] remains >95% at diatom dominated stations similar to stations in the Barents Sea (Figure 4 ). Below the P. pouchetii bloom (Stn. 11), [DO] also remains >95% indicating relatively similar levels of respiration of sinking organic matter as the other stations (Figure 4) . In contrast, [DO] at the under ice station was <90% at depths of 150-200 m (Figure 4) , indicating significant respiration of organic matter at depth. These subsurface waters have temperature-salinity characteristics similar to the central Arctic and so this [DO] undersaturation may represent long-term respiration (i.e., respiration of organic matter not generated during the preceding bloom season). It is therefore challenging to compare the upper mesopelagic remineralization between ice influenced and non-ice influenced stations.
Heterotrophic Respiration
With enhanced organic matter availability, it can be expected that bacteria, as the main drivers of remineralization [Giering et al., 2014] , will increase in abundance and/or exhibit elevated metabolism. Within our study, examination of vertical profiles of bacterial activity (uptake of the amino-acid Leucine in this case; Figure 5a) , bacterial abundance (Figure 5b ), or heterotrophic flagellate abundance (Figure 5c ) shows no clear enhancement below the 100 m depth horizon at any of the stations. In fact, the bacteria and heterotrophic flagellate abundance at depths of 100-300 m are within the same order of magnitude across all stations sampled (Figures 5b and 5c ).
To a lesser extent, zooplankton also respire sinking carbon [Giering et al., 2014] . Zooplankton oxygen respiration rates ( Figure 7) were estimated from allometric relationships and biomass measurements of zooplankton species collected from surface nets (down to 200 m; see section 2 and supporting information Table S1 ). In the P. pouchetii bloom, the zooplankton respiration rate was low (Figure 7) relative to other stations, indicating no intense remineralization by zooplankton took place at the ice-edge station. However, zooplankton respiration was high at diatom dominated stations 10 and 42 as well as at station 19 where P. pouchetii was also present but not dominating biomass. Station 19 had not yet reached peak bloom at the time of sampling as revealed by the satellite Chl-a time series (Figure 3e ). This open ocean site had lower biomass, PP and P. pouchetii abundance (Figure 1 , Tables 1, and 2) and is in a typical prebloom state (e.g., PP is increasing but export has yet to start, see Figure 1b and Table 2 ). When in colonial blooming form as Journal of Geophysical Research: Oceans 10.1002/2015JC010700 observed at station 11, Phaeocystis can be a significant producer of dimethyl-sulfide (DMS) [DiTullio et al., 2000; van Leeuwen et al., 2007] and is repugnant to many marine grazers [Schoemann et al., 2005] , which significantly increases its success and community dominance. The integrated (top 60 m) concentration of DMS at station 11 was almost twice as larger than at station 19 (523 and 331 nmol DMS m 22 , respectively) (F. Hopkins and J. Stephens, Plymouth Marine Laboratory, personal communication, 2012) . This is a possible explanation for why at station 11 the zooplankton respiration rate is smaller than at station 19.
Although our approach only provides relative information and not quantitative rates of carbon remineralization at each station, several lines of evidence suggest that no enhanced remineralization of sinking material in the upper 300 m of the water column occurred below the P. pouchetii bloom (Stn. 11). Hence, the upper mesopelagic remineralization at the ice-edge bloom (Stn. 11) may have been similar to the diatom dominated stations and therefore, potentially as high as in diatom blooms in the North Atlantic that are amongst the highest observed globally [Buesseler and Boyd, 2009 ]. This trend also shows consistency in time as both bacterial/zooplankton remineralization rates and [DO] displays the same pattern. This suggests that the uniform remineralization (no matter the surface phytoplankton composition) we observed in the upper mesopelagic zone in the study region is not an artifact of decoupled integration time scales.
Extensive blooms of Phaeocystis spp. occur in the Southern Ocean [Arrigo et al., 1999; DiTullio et al., 2000; Salter et al., 2007] (P. antarctica) and in northern polar waters (P. pouchetii), such as the Barents Sea [Reigstad and Wassmann, 2007; Smith et al., 1991; Wassmann et al., 1990] . In the Ross Sea, observations from 300 to 500 m depth have previously suggested that P. antarctica is exported rapidly to depth with little remineralization through the upper water column [DiTullio et al., 2000] . Conversely, P. pouchetii blooms in the Barents Sea are thought to undergo more rapid remineralization in the upper water column than diatom blooms [Reigstad and Wassmann, 2007; Wassmann et al., 1990] . However, some recent observations suggest that ice-edge eddies can, on occasion, result in the export of P. pouchetii to depths greater than 340 m [Lalande et al., 2011] .
Our results show that a high proportion of PP associated with a retreating ice-edge P. pouchetii bloom was exported below 100 m (high ThE-ratio), and, using [DO] , bacterial/heterotrophic flagellate abundance/activity and zooplankton respiration rates, we infer that rates of remineralization of this material over the upper 100-350 m were similar to those found under diatom blooms. We only sampled one station (Stn. 11) where P. pouchetii was blooming; our results are therefore limited, but do highlight the potential for enhanced export related to the occurrence of Arctic P. pouchetii. We suggest that more effort be made to estimate accurately the carbon respiration rate under polar blooms of diatoms, coccolithophores and Phaeocystis spp. as none of the approaches cited above [Buesseler and Boyd, 2009; DiTullio et al., 2000; Reigstad and Wassmann, 2007] provide direct estimates of upper mesopelagic C remineralization rates in polar oceans.
Conclusions and Implications
Large uncertainties remain about the fate of sinking organic matter in the Arctic. This prevents reliable predictions of the strength of the BCP in the future Arctic Ocean. In June 2012, we surveyed the efficiency with which the biomass produced in the surface ocean was exported out of the sunlit layer of the ocean (the ThE-ratio [Buesseler, 1998] ) and link it to the dominant phytoplankton group present in the water column. Furthermore, we compared several qualitative indicators of sinking material remineralization in the upper mesopelagic (>100 m). Our main conclusions are that:
1. Several phytoplankton blooms were observed during our survey: a P. pouchetii bloom at the ice edge in the Fram Strait, a diatom bloom in the Greenland Sea, and a bloom, where coccolithophores were present in the Norwegian and Barents Seas (Table 1) .
2. Primary production and POC export were very low under the Greenland ice pack. The highest rates of POC export were recorded in an ice-edge bloom of P. pouchetii (Fram Strait) and in the south of the Greenland Sea near Iceland (Figure 1 ).
3. The ThE-ratio [Buesseler, 1998 ] displayed large spatial variability. The common denominator in stations where high ThE-ratio were recorded was the time of sampling relative to the seasonal bloom dynamics (e.g., all sampled during the main Chl-a peak or no more than a month after the main bloom peak). The
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highest ThE-ratio was recorded in the mono-specific P. pouchetii bloom and in the diatom dominated stations near Iceland (Figure 3 and Table 3 ).
4. Our results suggest that, under certain circumstances, Phaeocystis blooms may experience little upper mesopelagic remineralization, as seen in diatom blooms.
Ultimately, the potential for phytoplankton bloom formation is driven by each species' ecological competitiveness [Schoemann et al., 2005] , including its resistance to grazing. It is currently unclear whether the future Arctic Ocean PP is ultimately limited by light or nutrients; however, model predictions suggest that future Arctic primary production will be nutrient limited [Vancoppenolle et al., 2013] . Hence, although the behavior of grazers and the microbial community in the future Arctic is hard to forecast, predictions of a future reduction in nutrient concentrations in the Arctic , increased iron limitation due to reduction of ice cover [Measures, 1999] and possibly reduced stratification [Carmack and Wassmann, 2006] , all suggest that there is potential for important changes in bloom composition in the future Arctic Ocean. In an increasingly ice-free Arctic Ocean [Bo e et al., 2009; Stroeve et al., 2012] , with a greater proportion of ice edge for bloom formation [Perrette et al., 2011] , such fundamental processes will determine how climate change affects the strength of the Arctic carbon sink. We suggest that more effort is required to quantify the export ratio in the Arctic Ocean, and more importantly to assess the fate of sinking POC in the Arctic mesopelagic zone.
